The perception that the inheritance of phenotypic traits operates solely through genetic means is slowly being eroded: epigenetic mechanisms have been shown to induce heritable changes in gene activity in plants 1,2 and metazoans 1,3 . Inheritance of DNA methylation patterns provides a potential pathway for environmentally induced phenotypes to contribute to evolution of species and populations 1-5 . However, in basal metazoans, it is unknown whether inheritance of CpG methylation patterns occurs across the genome (as in plants) or as rare exceptions (as in mammals) 4 . Here, we show that DNA methylation patterns in a reef-building coral are determined by genotype and developmental stage, as well as by parental environment. Transmission of CpG methylation from adults to their sperm and larvae demonstrates genome-wide inheritance. Variation in the hypermethylation of genes in adults and their sperm from distinct environments suggests intergenerational acclimatization to local temperature and salinity. Furthermore, genotype-independent adjustments of methylation levels in stress-related genes were strongly correlated with offspring survival rates under heat stress. These findings support a role of DNA methylation in the intergenerational inheritance of traits in corals, which could extend to enhancing their capacity to adapt to climate change.
within generations and the transfer of these modifications between generations 9 . Namely, individual colonies are stress-tolerant 14 , longlived (Supplementary Table 1 ) and highly fecund 15 . Samples of P. daedalea adults, their gametes and larval offspring, were sourced from two populations in the Arabian Peninsula ( Fig. 1a,b ). The Abu Dhabi population lives under extreme temperatures (winter <19 °C and summer >35 °C) and salinities (40) (41) (42) (43) (44) (45) (46) practical salinity units, psu; Supplementary Table 2 ), and has persisted through several major thermal stress events (coral bleaching) during the past two decades 16 . In contrast, the neighbouring Fujairah population lives under comparatively milder conditions (22-33 °C, 36-39 psu) and has not experienced major coral bleaching in recent years.
Using whole-genome bisulfite sequencing (WGBS), we identified 1.42 million CpG positions that were consistently methylated in the ~800 megabase pairs (Mb) P. daedalea genome (3.20% of all CpGs, mean coverage 49×; Supplementary Dataset 1b). These methylated positions have had single nucleotide polymorphisms (SNPs) excluded, preventing the misidentification of C-to-T SNPs as fully unmethylated cytosines. Similar to other studied cnidarians, methylation in P. daedalea predominantly occurred in gene bodies [11] [12] [13] 17, 18 . A larger fraction of CpGs in genic regions were methylated than in intergenic regions (3.9% versus 3.0% respectively; Extended Data Fig. 1a ). On a per-position basis, methylated positions in genic regions were also, on average, more strongly methylated than in intergenic regions (mean of 35.4% versus 21.2% respectively; Extended Data Fig. 1b ). Within genic regions, methylated positions were more commonly found at both ends (Extended Data Fig. 1c ).
Colony identity proved to be a strong predictor of DNA methylation patterns in corals. P. daedalea sperm samples were significantly more like their respective parents than like non-parental sperm (mean τ ± s.e.m., 64.8% ± 0.6% versus 53.0% ± 0.4%, t-test P < 10 −16 ; Fig. 1c and Supplementary Dataset 2). Sperm samples were also more like each other than adult samples are like each other (53.0% ± 0.4% versus 50.0% ± 0.4%, t-test P < 10 −6 ), visible as a 'chequerboard' pattern in the heatmap. This result probably reflects the heterogeneity of cell types in the adult samples and their tissuespecific methylation patterns 11 . Inheritance of methylation patterns was further evident in the larval samples, which were more like their parental sperm samples (S7 and S8) than other sperm samples (S1-6; 62.9 ± 0.4% versus 52.4% ± 0.4%, t-test P < 10 −18 ). Larval samples from reciprocal crosses grouped together, suggesting that Letters NATurE ClImATE CHANGE father and mother contribute equally to the larval DNA methylation pattern. This is further supported by the preferential clustering of mother (egg E8) and father (sperm S8) samples from the same adult colony (A8), indicating that they have very similar methylation patterns. The variation of the methylation data captured by the first two principal components in a principal component analysis (PCA) shows a clear separation of the samples by environmental origin along PC1 (Fujairah/Abu Dhabi) and by developmental stage along PC2 (adult/sperm/larval; Fig. 1d ). While the signal of inheritance is not apparent in the first two principal components, separate PCAs of Fujairah and Abu Dhabi samples show clear clustering of samples by colony identity (Extended Data Fig. 2 ).
As DNA methylation levels (epigenotypes) in corals have been observed to correlate well with genotypes 12 , we wondered, could the observed epigenotypes of P. daedalea-and their inheritance-be explained by underlying genotypes? To estimate genotypic diversity among our samples, we analysed the WGBS reads and identified high-quality SNPs. Overall patterns were as expected: genetically, sperm samples were most like their respective parents, and samples from the same origin had fewer differences ( Fig. 2a ). To deconvolute the effects of genotype and the environment on epigenotypes, we calculated between-population F ST values on a per-gene basis from the SNP data, then contrasted these with changes in gene body methylation. If genotypes explain epigenotypes, we expect that genes , sperm (S1-S8) and egg (E7, E8) samples were from the same correspondingly numbered colonies. Larval samples were from triplicate reciprocal crosses between E7 and S8 (L1-L3) and S7 and E8 (L4-L6). Data from E7 (red strikethrough) were excluded from downstream analyses due to poor quality and insufficient coverage. c, Clustering performed on the pairwise correlation of methylation data from all samples demonstrates a strong effect of inheritance on methylation patterns. Gametes cluster best with their respective adults and larval samples with their parents (A1, A8, S7 and S8). Larval samples cluster equally well with their siblings regardless of the direction in which crosses were performed. All sample types also group by their environmental origin ('-F': Fujairah, '-AD': Abu Dhabi 
Letters

NATurE ClImATE CHANGE
with high between-population F ST values will also have large differences in methylation levels. Yet, unexpectedly, our results suggest that epigenetic changes in gene bodies or coding regions are mostly independent of genotype ( Fig. 2b and Extended Data Fig. 3 ). While inter-origin differences in methylation levels were larger when genic F ST is higher, the linear correlation between these variables is very Among all the comparisons, the strongest correlation was between the respective frequencies of methylated positions and SNPs within gene bodies (r = 0.30) and this is mainly driven by the length of the gene. Inter-origin differences in genic methylation levels (bottom row) were only very weakly correlated with heterogeneity (F ST ) observed within the entire gene (r = 0.10) or exonic regions (r = 0.08), the latter potentially having larger effects on protein function.
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NATurE ClImATE CHANGE weak (r = 0.10). In other words, while (genome-wide) epigenotypes correlate well with genotypes, epigenotypic differences observed in gene bodies do not correlate well with genotypic differences in the same loci. This implies that the environment could affect the fitness of the organism by regulating gene body methylation, independent of the fixation of adaptive genetic variants.
In light of recent evidence for methylation changes conferring stress acclimatization in corals 11, 12 , we investigated the effect of environment on epigenotypes. On average, P. daedalea samples originating from Abu Dhabi had significantly higher genome-wide methylation levels than samples from Fujairah (25.4% versus 23.5%, paired t-test P < 10 −300 ; Fig. 3a ). However, as DNA methylation in invertebrates is enriched within gene bodies 11, 13, [19] [20] [21] , we were particularly interested in environmental differences in genic methylation as these are expected to have functional significance. A total of 201 genes showed significant origin-specific methylation differences (t-tests corrected P < 0.05 and absolute pairwise difference >15%), of which 178 genes (representing 1.7% of all methylated genes) were hypermethylated in the Abu Dhabi samples, while 23 genes were hypermethylated in Fujairah (0.2%). Functional enrichment analyses were performed on both gene groups separately. Genes that were hypermethylated in Abu Dhabi (cluster β, Fig. 3b ; Supplementary Dataset 3b) were enriched for cellular responses that might be linked to the hotter and more saline conditions of Abu Dhabi, such as glycine and fatty acid metabolism or JNK (c-Jun N-terminal kinase) signalling. Glycine, in the form of mycosporine-glycine, is one of the primary mycosporine-like amino acids that confer photoprotective and antioxidative function in corals 22 . Increased metabolism of fatty acids under heat stress is common in corals 23, 24 and sea anemones 25 . The hypermethylation of JNK regulators (exemplified by Pdae2153 in Fig. 3c ) echoes similar observations in the coral Stylophora pistillata: samples under long-term pH stress show hypermethylation in the JNK pathway that was strongly predictive of the resulting phenotype 11 . As fewer genes were hypermethylated in Fujairah (cluster α, Fig. 3b ; Supplementary Dataset 3a), we were unable to identify biologically relevant enriched functions from these genes.
We then considered whether environmentally attributed epigenotypes contributed to the physiology of the next generation. Controlled crosses were bred from some of the P. daedalea sperm samples (n = 6) for a larval heat stress experiment (E.J.H., manuscript in preparation). To express the contribution of those sperm samples to larval survival, we calculated a heat survival index (Supplementary Dataset 4a) where higher values indicate better survival rates. Index values were then correlated to genic methylation levels. Some genes had methylation levels that were strongly correlated to heat survival (|r| > 0.8, n = 541 genes, Supplementary Dataset 4b). Interestingly, methylated positions in these genes show slightly but significantly stronger inheritance than those in all genes or across the entire genome (Supplementary Dataset 4c). As gene correlations could be strongly negative or strongly positive ( Fig. 3d ), functional enrichment analyses were carried out separately for both categories. The former category (r < −0.8, n = 269 genes; Supplementary Dataset 4d) contained terms that were linked to survival under stress. In particular, the Gene Ontology (GO) term 'regulation of cellular response to heat' was enriched due to three nucleoporins. Nuclear transport of heat shock proteins has been shown to be dependent on importins, which in turn associate with nucleoporins 26 . Also, nucleoporin-50 (the putative annotation of Pdae479; Fig. 3d ) can be phosphorylated by extracellular signal-regulated kinase, reducing its affinity for importin 27 . Cytochrome P450 (Pdae491), which shows salinity-dependent activity in a coral 28 ,
Glycine metabolic process < 0.01 (n = 178) Fatty acid beta-oxidation < 0.05
Negative regulator of JNK < 0.05 Fig. 3 | DNA methylation profiles are associated with environmental origin in P. daedalea. a, Samples from Abu Dhabi have significantly higher perposition methylation levels than those from Fujairah (25.4% versus 23.5%, paired t-test P < 10 -300 ) but this increase is not confined to a specific genomic context. b, There were fewer genes consistently hypermethylated among the Fujairah samples (cluster α) than in the Abu Dhabi samples (cluster β). Notably, sperm samples cluster best with their corresponding parent, further corroborating the inheritance of methylation patterns. Values of the colour bar (-2 to 2) represent z-scores. N/A, not applicable. c, An example gene (for Pdae2153, a putative negative regulator of JNK) that is consistently hypermethylated in samples from Abu Dhabi (AD). Methylation in the first intron of the gene also appears to be influenced by colony identity. d, Genes with methylation levels that are strongly correlated to heat survival tend to be stress-and growth-related. Upon further subdivision into negatively and positively correlated bins, the former (r < −0.8, n = 269) is linked to survival under heat stress, as exemplified by Pdae479 (a putative cytochrome P450) and Pdae491 (a putative nucleoporin). The latter (r > 0.8, n = 272) tend to be associated with growth regulation, as exemplified by Pdae2659 (a putative MAP kinase) and Pdae16130 (a putative TORC1 regulator).
NATurE ClImATE CHANGE metabolizes arachidonic acid into intermediates that affect downstream signalling pathways 29 . The latter category (r > 0.8, n = 272 genes; Supplementary Dataset 4e) was enriched with growth-related terms. MAP4K5 (Pdae2659), an upstream effector of JNK, is implicated in cancers when dysregulated 30 ; RagC (Pdae16130) activates TORC1, which regulates cell growth and size 31 .
As DNA methylation is involved in the regulation of developmental processes in other taxa [1] [2] [3] [4] , we also evaluated developmental effects on coral epigenotypes. P. daedalea sperm samples were significantly hypermethylated relative to their parental samples (mean methylation 26.3% versus 22.3%, t-test P < 10 −300 ), especially in genic regions (Fig. 4a ). To identify genes that were methylated in a development-specific manner, we carried out separate t-tests for sperm versus their parents and larvae versus their parents. As expected, there were vastly more differentially methylated genes (corrected P < 0.05 and absolute pairwise difference >15%) for sperm versus their parents (836 genes, 8.0% of all methylated genes, Fig. 4b ) than for larvae versus their parents (six genes, 0.1%, Fig. 4c ). These differentially methylated genes formed three distinct clusters: genes that were hypermethylated in adults relative to sperm, in sperm relative to adults and in sperm relative to larvae. Functional enrichment analyses on individual clusters resulted in terms associated with the general biological requirements of each developmental stage. Hypermethylated genes in adults (cluster γ, Fig. 4b ; Supplementary Dataset 3c) were mostly predicted to regulate cell cycle and cell division, indicative of the higher rates of cell division in adults than gametes. The preponderance of transcriptional inactivation-, cell movement-and ubiquitination-related terms in hypermethylated genes in sperm (cluster δ, Fig. 4b ; Supplementary Dataset 3d) is a probable hallmark of spermatogenesis. Mature spermatids are thought to be transcriptionally inactive 32 and able to cope with moderate shear forces to increase the likelihood of fertilization 33 . Ubiquitination, during spermatogenesis, regulates the biogenesis and stability of membranous organelles 34 and prevents inheritance of male mitochondria 35 . Even though the scarcity of differentially methylated genes between sperm and larval samples (six genes; cluster ε, Fig. 4c ; Supplementary Dataset 3e) precludes it from a meaningful functional enrichment analysis, our data provide preliminary evidence that methylation changes in corals can occur within days (gametes and larvae were sampled 54 h apart). This is considerably faster than published rates of acquired changes in DNA methylation in adult corals (6 weeks for Putnam et al. 36 , 3 months for Dixon et al. 12 and 2 years for Liew et al. 11 ).
In conclusion, we demonstrate-for the first time-that epigenetic modifications in reef-building corals are readily transmitted from parents to their offspring. This genome-wide epigenetic inheritance is in contrast to other well-studied metazoans and signifies a pathway for the transmission of acquired traits (transgenerational plasticity). Corals can develop resistance to thermal stress from prior sublethal stress exposure 37, 38 and this environmental memory can last for at least a decade 39 . The available evidence supports a role for DNA methylation in this acquired stress tolerance by mediating associated transcriptomic changes (see refs. 40, 41 ). We observed the hypermethylation of genes involved in stress responses in coral colonies with a history of frequent bleaching, in line with recent studies showing stress-and environmental-induced shifts in DNA methylation within individual colonies 11, 12, 36 . Inheritance of these novel epigenetic states (epialleles 42 ) could thus serve as a non-genetic substrate for Darwinian selection to act upon and potentially accelerate rates of adaptation to climate warming 43 . By extension, long-term cultivation of corals under elevated temperatures may be a viable Fig. 4 | DNA methylation profiles vary considerably across developmental stages in P. daedalea. a, Developmental-driven increases in methylation levels were observed in all genomic contexts but this was more pronounced in genic regions than intergenic regions (seen from the rightward shift of the density curves in the intron and exon ridgeline plots). b,c, Methylation levels of samples from contiguous developmental stages were compared (adult versus sperm for b; gametes S7/E8/S8 versus larvae for c, then clustered. Clustered genes were partitioned into three distinct groups (labelled as γ-ε) for functional enrichment analysis: γ and δ represent genes that are hypermethylated in adults and sperm respectively, relative to each other; ε represents genes that are hypermethylated in gametes S7/E8/S8 relative to larvae. Values of the colour bar (−2 to 2) represent z-scores. N/A, not applicable. d, An example gene (Pdae13593, a repressor of transcription) that is hypermethylated in sperm relative to adults. The hypermethylation of this gene is also present in the sole egg sample and in all larval samples.
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approach for producing fitter epialleles that could be crossed into wild populations to enhance their resilience 44 . Critical to these optimistic predictions are future investigations to verify that environmentally induced epialleles are maintained across generations and do indeed provide functional advantages to corals.
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Any methods, additional references, Nature Research reporting summaries, source data, extended data, supplementary information, acknowledgements, peer review information; details of author contributions and competing interests; and statements of data and code availability are available at https://doi.org/10.1038/s41558-019-0687-2. Table 2 ). Fragments were collected 4-6 nights before the full moon on 4 May 2015 and housed in 1,000-litre recirculating aquarium systems at New York University Abu Dhabi at the ambient temperature and salinity measured at the time of collection (F: 27.6 °C and 35.7‰; AD: 27.9 °C and 41.2‰). P. daedalea is a simultaneous hermaphrodite and broadcast spawning activity was observed from −4 nights to +10 nights relative to the full moon, with most individual fragments releasing gametes over several nights 45 . During this period, samples were collected from adults (F: 4; AD: 4), sperm (F: 4; AD: 4), eggs (AD: 2) and larval crosses (AD: 2), snap-frozen and stored at −80 °C. Before spawning, individual coral fragments were isolated in buckets to prevent cross-contamination and fertilization. Gamete bundles (eggs + sperm) were collected with transfer pipettes; sperm was isolated by filtration (60 μm plankton mesh) and concentrated by centrifugation. Larvae were bred from reciprocal crosses of gametes from two Abu Dhabi colonies, reared in 1 μm of filtered seawater in triplicate cultures under ambient conditions and were sampled at 54 h post-fertilization (at planula stage of development; n = 50 larvae per culture). This design enabled us to evaluate both population (Fujairah versus Abu Dhabi) and intergenerational (adults versus sperm versus larval) variation in DNA methylation profiles.
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Preparation and sequencing of whole-genome bisulfite libraries. DNA were extracted from all samples by suspending them in 750 μl of buffer (100 mM Tris/EDTA/NaCl, 1% SDS) preheated to 65 °C. After 3-4 h incubation, RNA contaminants were removed by addition of 1 μl of RNase A (10 μg, 15 min). Extracts were chilled, proteins were removed (1 M potassium acetate), DNA was precipitated (100% isopropanol), washed (70% ethanol), re-suspended (0.1 M Tris; 200 μl for adults, 100 μl for sperm and 20 μl for eggs) and stored at 4 °C.
Bisulfite DNA libraries were prepared using NEBNext Ultra II DNA Library Prep Kit (NEB) for Illumina, following manufacturer's instructions. Methylated TruSeq Illumina adaptors (Illumina) were used for adaptor ligation. Bisulfite conversion with the EpiTect Bisulfite Kit (Qiagen) was carried out with cycling conditions of 95 °C for 5 min, 60 °C for 25 min, 95 °C for 5 min, 60 °C for 85 min, 95 °C for 5 min, 60 °C for 175 min, then three cycles of 95 °C for 5 min, 60 °C for 180 min and held at 20 °C for ≤5 h. Subsequently, libraries were enriched with KAPA HiFi HotStart Uracil + ReadyMix PCR Mix (KAPA Biosystems), following manufacturer's instructions. Libraries were quality checked on a Bioanalyzer DNA 1 K chip (Agilent) and quantified using Qubit 2.0 (Thermo Fisher Scientific), before pooling in approximate equimolar ratios for sequencing.
Pooled libraries were initially sequenced on 24 lanes of HiSeq2000 (Illumina). On the basis of the results of the sequencing, libraries with lower coverages were resequenced on six additional lanes of HiSeq2000 (Supplementary Dataset 1a) .
Identification of methylated positions. From both runs (30 lanes), a total of 4.13 billion read pairs were obtained across 24 samples and subsequently trimmed using cutadapt v.1.8 (ref. 46 ; Supplementary Dataset 1a). Following trimming, reads were mapped to the draft P. daedalea genome (M. Aranda, personal communication), deduplicated and scored on a per-position basis for methylated and unmethylated reads using Bismark v.0.17 (ref. 47 ). At this stage, we excluded E7 from subsequent analyses as the data from that sample were very poor (struck-out red row in Supplementary Dataset 1b) .
To ensure that methylated positions were bona fide, several stringent filters were applied. First, on the pooled dataset, the probability of methylated positions arising from chance on a per-position basis was calculated using a binomial distribution of B(n, P), where n represents total coverage (methylated + unmethylated reads) and P the probability of sequencing error (set to 0.01 to mimic a Phred score of 20). Positions with k methylated reads were kept if P(X ≥ k) < 0.05 (post-FDR correction). Second, positions were kept only if there were at least a methylated read in all biological replicates of at least one biologically meaningful group (n = 3 or 4 Fujairah adults, Fujairah sperm, Abu Dhabi adults, Abu Dhabi sperm or Abu Dhabi larvae). Third, positions were retained only if median coverage was ≥10 and minimum coverage was ≥5 across all 23 samples. These filtering steps were very conservative: 20.57 million positions had at least one methylated read mapping to it but only 1.51 million positions passed all filters ( Supplementary Dataset 1b) .
To exclude the possibility that methylated loci appear unmethylated in some samples due to C-to-T SNPs that are present only in those samples, methylated loci that were potentially SNPs were removed (96,277 positions, explained further below). This resulted in a final set of 1.42 million positions that was used in all downstream methylation analyses, such as the PCA in Fig. 1 and Extended Data Fig. 2 , or the effects of genotype, environment and developmental stage on genic methylation patterns.
As methylation data were not normally distributed, pairwise similarities between samples were calculated using Kendall ranked correlation coefficients (τ; Supplementary Dataset 2) , which forms the basis for the heatmap in Fig. 1 .
Assignment of genomic context to methylated cytosines.
A Python script was used as previously described 11 . Briefly, the script reads the GFF3 annotations of the P. daedalea genome and the positional coordinates of the methylated cytosines to assign genomic context to the methylated position. Distances to the 5' and 3' ends of each genomic feature (gene/intergenic region/exon/intron) were calculated for downstream analyses. Overall, 14,063 (56.2% of all genes) had ≥1 methylated position; 10,431 genes (41.7%) had ≥5 methylated positions.
Identification of SNPs in the P. daedalea genome. As mentioned earlier, to exclude the confounding effect of SNPs on methylation levels, as well as to enable a comparative analysis of SNPs and methylation in gene bodies, SNP calling was performed using Bis-SNP v.1.0.1 (ref. 48 ) individually on deduplicated BAM files produced from the Bismark pipeline (all samples except E7, n = 23). The union of all 23 VCF files produced by Bis-SNP resulted in a total of 13.16 million potential SNP loci, of which only 96,277 (0.7%) overlap with methylated positions identified by Bismark.
The analysis of SNPs required a table of SNP positions that are well-covered in all samples. As Bis-SNP only calls positions that are heterogenous (0/1) and homozygous non-reference (1/1) above a statistical threshold, the remaining uncalled positions were deemed homozygous reference (0/0) simply because there was insufficient evidence to reject the null model. To increase our confidence that the uncalled positions were truly homozygous reference, we filtered for highquality SNP positions that had a coverage of 10-100 (inclusive) in every sample (by carrying out 'samtools depth' on the input BAM files and processing the output with a Python script). The upper bound was instituted to remove positions located in regions of low complexity, in which reads from other loci that are (almost) identical would erroneously map to the same loci. This filtering retained 3.57 million positions (27.1% of all potential SNPs) and was used to produce the heatmap in Fig. 2 .
Assessing effect of genotype on epigenotype. To assess the origin-specific effect of genetic heterogeneity on DNA methylation levels, we decided to focus this analysis on the genic regions within the P. daedalea genome. Functional significance of regions with unexpected epigenetic changes relative to the underlying genetic heterogeneity could thus be inferred from the genes within those regions.
Genetic heterogeneity was estimated using F ST -but as there are various ways to calculate this value, we adopted Hudson's definition and calculated perposition F ST values using equation (10) described in Bhatia et al. 49 . The paper also recommended that F ST values should be averaged in a window as a ratio of averages, using the equation (as derived in the Supplementary Materials of Bhatia et al. 49 but reproduced here for convenience):
where F is the averaged F ST value across a particular gene and markers k = 1, 2,…, M denote individual SNPs within this gene. N and D are the numerator and denominator of Hudson's equation respectively:
where p 1 and p 2 denote allelic frequencies of the non-reference base among the Fujairah and Abu Dhabi populations, respectively. To reduce bias in F ST calculations, we restricted the SNP analysis to a balanced subset of 16 samples (A1-A8 and S1-S8), which has an equal number of adult and sperm samples, as well as samples from Fujairah and Abu Dhabi. As some of the identified SNPs were only present in larval/egg samples, this reduced the number of valid SNPs to 3.48 million positions. To reduce unwanted variance in the computed averages due to low numbers of SNP or methylated positions, the analysis was restricted to genes with ≥5 methylated positions and ≥10 SNPs. A total of 9,421 genes passed these filters.
Pairwise genotypic correlations, as well as scatterplots of epigenotypic against genotypic variables, were subsequently implemented in Python.
Identification of differentially methylated genes.
Individual positions have methylation levels that range from 0 (not methylated at all in all cells) to 1 (completely methylated in all cells). To extend this measure to genes, which contain multiple methylated positions, medians of the methylation levels were calculated for every gene (medians are less prone to outliers than means). Furthermore, to reduce noise, we focused on genes that had at least five or more methylated positions, filtering out 3,068 genes that did not meet this criterion. The genes that were filtered out were mostly unannotated or annotated as proteins with unknown functions.
To ensure appropriate statistical models were applied for the analysis of our dataset, we first checked whether genic methylation levels were normally distributed within biologically meaningful groups 50 and whether variances were equal between groups 51 . For most genes, the null assumptions of normality Letters NATurE ClImATE CHANGE and equal variance were met (Supplementary Dataset 5). Hence, we used untransformed methylation levels in all subsequent statistical tests.
Genic methylation levels were thought to be influenced by two variables: developmental stage ('development': adult/sperm/larvae) and sample origin ('origin': Fujairah/Abu Dhabi). As the interaction of both variables could confound statistical analysis that focused on individual variables, a GLM (generalized linear model) was implemented in Python with the general equation:
This model indicated that methylation levels of only 7 of 10,431 genes (0.07%) had a significant interaction between developmental stage and origin ( Supplementary Dataset 6) . Consequently, we inferred that methylation level are independently affected by developmental stage and sample origin, justifying the separate analysis outlined in Extended Data Fig. 4 .
To identify genes that were differentially methylated during developmental progression, multiple t-tests were carried out between consecutive development stages on a per-gene basis. The first test contrasted adult and sperm samples (n = 8 adults, 8 sperm); the second test contrasted S7, E7 and S8 against larval samples (n = 6; Extended Data Fig. 4 ). These tests were designed to have symmetrical genetic backgrounds (as much as we could) in opposing groups, as epigenetic patterns were highly correlated to the genetics of the samples. This was evident during our initial comparison of all sperm versus all larval samples: many of the differentially methylated genes in larvae were also differentially methylated, in the same manner, in samples S7 and S8 (the test, in essence, became S1-6 versus S7-8).
For both tests, besides filtering for genes with t-test P < 0.05, an additional effect size filter was applied to further reduce false positives and sift out genes with large changes in methylation levels. Retained genes had to have methylation level changes of >15% in any direction between the contrasted groups ( Supplementary Dataset 7) .
To identify genes that showed significant differences in methylation level due to environmental origin, a t-test was carried out to contrast adult and sperm Fujairah samples and adult and sperm Abu Dhabi samples (n = 8 Fujairah, 8 Abu Dhabi). Due to the nature of this test, it was not possible to standardize the genetic backgrounds of both groups but equal numbers of adult and sperm samples (four of each) were present in each group of eight samples to avoid the confounding effect of developmental stage on methylation patterns. As with the previously mentioned t-tests, identical P value and effect size cutoffs were applied ( Supplementary Dataset 8) .
Clustered heatmaps were plotted for these two classes of differentially methylated genes with seaborn (https://github.com/mwaskom/seaborn), a plotting library in Python. Non-default parameters include the choice of clustering method (Ward, instead of UPGMA) and the use of z-score values (individual values reflect the number of standard deviations away from the mean).
Multiple testing correction of P values. Unless otherwise stated, computed P values were subjected to the Benjamini-Hochberg-Yekutieli multiple testing correction 52, 53 .
Functional enrichments within genes of interest. GO term annotations were obtained from the draft P. daedalea genome (M. Aranda, personal communication). To perform GO term enrichment analyses on the genes of interest list, topGO 54 was used, with default settings. Multiple testing correction was not applied on the resulting P values as the tests were considered to be nonindependent 54 . GO terms with P < 0.05 and occurring ≥5 times in the background set were considered significant (Supplementary Datasets 3, 4c and 4d). Dataset 4a) were bred from some of the P. daedalea sperm samples (n = 6) for a separate larval heat stress experiment. At 4 days post-fertilization, at the planula larval stage of development, individuals from each cross were pipetted into 300 μl of filtered seawater (0.5 μm, 38.5 psu) in matte-finish 96-well plates. For each family, 180 larvae were distributed across six plates and were randomly distributed between an ambient temperature treatment (27 °C) and a heat stress treatment (36 °C). The 27 °C treatment was maintained in a temperature-controlled room (logger mean = 26.6 °C) and the heat stress was maintained in a temperaturecontrolled incubator (logger mean = 35.6 °C) with initial ramping at a rate of 2 °C per hour. The survival of individuals at 0 and 60 h was recorded using plate photographs taken in a dark room with excitation of larval fluorescent pigments. Individuals were scored as alive if they were fluorescently pigmented and as dead if they were non-fluorescent or visibly absent in two replicate photographs. To express the contribution of sperm samples to larval survival, we calculated a heat survival index (Supplementary Dataset 4a) where higher values indicate better survival rates. This enabled us to correlate index values to genic DNA methylation levels. Corresponding author(s): Manuel Aranda Last updated by author(s): Dec 3, 2019 Reporting Summary Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.
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Wild animals
Colony fragments were collected with a hammer and chisel on SCUBA for temporary housing at aquarium systems at New York University Abu Dhabi and were returned to collection sites.
Field-collected samples
Colony fragments were collected 4-6 nights prior to the full moon on 4 May 2015 and housed in 1,000-litre recirculating aquarium systems at New York University Abu Dhabi at the ambient temperature and salinity measured at the time of collection.
Ethics oversight n/a
Note that full information on the approval of the study protocol must also be provided in the manuscript.
